Conventional structural metals suffer from fatigue-crack initiation through dislocation activity which forms persistent slip bands leading to notch-like extrusions and intrusions. Ultrafine-grained and nanocrystalline metals can potentially exhibit superior fatigue-crack initiation resistance by suppressing these cumulative dislocation activities. Prior studies on these metals have confirmed improved high-cycle fatigue performance. In the case of nano-grained metals, analyses of subsurface crack initiation sites have indicated that the crack nucleation is associated with abnormally large grains. However, these postmortem analyses have led to only speculation about when abnormal grain growth occurs (e.g., during fatigue, after crack initiation, or during crack growth). In this study, a recently developed synchrotron X-ray diffraction technique was used to detect the onset and progression of abnormal grain growth during stress-controlled fatigue loading. This study provides the first direct evidence that the grain coarsening is cyclically induced and occurs well before final fatigue failure-our results indicate that the first half of the fatigue life was spent prior to the detectable onset of abnormal grain growth, while the second half was spent coarsening the nanocrystalline structure and cyclically deforming the abnormally large grains until crack initiation. Post-mortem fractography, coupled with cycle-dependent diffraction data, provides the first details regarding the kinetics of this abnormal grain growth process during high-cycle fatigue testing. Precession electron diffraction images collected in a transmission electron microscope after the in situ fatigue experiment also confirm the X-ray evidence that the abnormally large grains contain substantial misorientation gradients and sub-grain boundaries.
Introduction
It has been well established that for conventional metals, the vast majority of the total fatigue life under high-cycle conditions is spent in crack initiation, rather than crack propagation [1] . For coarse-grained metals, initiation is typically attributed to organization of dislocations into localized regions of persistent slip bands (PSBs) within individual grains [1, 2] with cracks initiating at interfaces between intrusions and extrusions caused by the PSBs [3, 4] . In fine-grained materials with grain sizes less than a few micrometers, limited space in the grain interiors inhibits widespread dislocation organization into well-defined PSBs, and new crack initiation processes emerge. For example, in fatigued ultrafine-grained metals with approximately 0.1-1 lm grain size, dislocation substructures are rarely observed [5] and fatigue-crack initiation is associated with macroscopic shear bands that span distances much greater than the grain size [6, 7] . Nanocrystalline (NC) metals with grain sizes less than 100 nm present an even more extreme case in which dislocation activity and accumulation within grain interiors are exceedingly low [8] . In the context of fatigue, the severely limited dislocation activity and the deviation from traditional PSB-related mechanisms in NC grains have been suspected to suppress crack initiation under highcycle conditions [9] . Coupled with larger elastic stresses that can be accommodated due to the higher yield strengths (i.e., cycling in a broader elastic regime with limited, or altogether absent plasticity), NC metals possess a potential for superior high-cycle fatigue resistance. Examples of superior fatigue performance have been shown for NC Ni and Ni alloys [9] [10] [11] [12] [13] [14] [15] [16] , Al [17] , Ti [18] , Co [13] , and Cu [16, 19] . Despite these initial reports, very limited research has been devoted to exploring the underlying cyclic deformation mechanisms in NC metals, particularly those pertaining to crack initiation. The majority of studies concerning fatigue failure in these metals have largely focused on characterizing fracture toughness and crack propagation [10, 13, [20] [21] [22] [23] , which have generally highlighted a propensity for extremely low fracture toughness and high crack growth rates in NC metals. Once a crack initially forms in NC metals, it propagates with very little intrinsic toughening mechanisms to offer resistance. Therefore, thorough examination of fatigue-crack initiation mechanisms will be paramount in understanding fatigue resistance in NC metals and, arguably more important, to devise means to further delay crack initiation to develop metals with truly unparalleled fatigue performance.
In prior studies on fatigue-crack initiation mechanisms in NC alloys [9, 12] , highly localized regions of abnormally large grains (ALGs) [e.g., exceptionally rare, large grains (approx. 1-3 lm) compared to the surrounding matrix (25-115 nm)] were consistently observed directly within crack initiation sites. Evidence of sub-grain formation and deformation-induced texture in the observed ALGs, and their proximity to the initiation sites, suggested that they had undergone some cyclic deformation and it was postulated that the ALGs were responsible for crack initiation. However, the necessity for post-mortem analyses in those studies has made it difficult to ascertain with certainty that the ALGs were not preexisting prior to fatigue, e.g., grown during the deposition of the material. Our recent work on notch sensitivity in NC metals [24] , which utilized semicircular notches to initiate fatigue cracks at prescribed locations due to stress concentration at the notch, revealed ALGs directly below the notches in all notched specimens tested under high-cycle conditions ([10,000 cycles), corroborating that they were a result of abnormal grain growth (AGG) during fatigue, and that the AGG likely preceded crack initiation. It is important to note that in the notched cases, in specimens that failed within \*5000 cycles, ALGs were not observed and the material failed by fracture only, without evidence of cyclic damage (similar to fracture during monotonic notched experiments). Thus, the AGG did not occur only from the stress gradients imposed by the notch, but required a certain amount of cyclic loading. Kobayashi et al. [14] also performed orientation-imaging microscopy on high-cycle fatigued NC Ni-P in various locations in a fractured sample and found fatigue-induced AGG very near (or along) the fractured edge. Unfortunately, again, the necessity for post-mortem microstructural analyses used in all of these studies still left open questions as to when the fatigue-induced AGG occurred relative to the total fatigue life; specifically, it has yet to be definitively shown that fatigue-induced AGG occurs prior to crack growth and not concurrently, as has been suggested by others [21] .
To that end, we have recently developed a new method to quickly and non-destructively identify exceptionally rare ALGs in a NC matrix, based on the analyses of 2D X-ray diffraction (XRD) patterns obtained at a synchrotron powder diffractometer [25] . To summarize this past work in short, we showed that the XRD signature of a rare ALG (e.g., singlespot diffraction patterns, similar to Laue diffraction for single-crystals) can be statistically distinguished from the ''background'' ring pattern produced from a much finer grained matrix. In that study, we were able to correlate statistically anomalous high intensity spots along the diffraction rings to ALGs that occupied merely 0.00001 % of the interrogation volume with a statistical confidence of )99.999 %. In the current study, we utilize this methodology to observe the emergence and evolution of ALGs during in situ fatigue testing in a notched NC Ni-Fe specimen. This in situ XRD fatigue experiment has enabled, for the first time, non-destructive detection of the onset of fatigue-induced AGG, and has allowed us to directly demonstrate that AGG is driven through cyclic loading.
Experimental method
Material NC Ni-Fe was used in this study which was deposited using pulsed electrodeposition operating at -20 mA/cm 2 , as described in our previous publication [24] . A nominal composition of Ni-40 wt%Fe was determined using energy dispersive X-ray spectroscopy. Grain size was determined using precession electron diffraction [26] performed with a 0.3°p recession angle, step size of 4 nm, and probe diameter \10 nm operated in a transmission electron microscope (FEI Tecnai G2 F30 S-Twin operated at 300 kV). A total of 528 grains were analyzed. The grain size histogram was fit to a log-normal distribution using Minitab 17 statistical analysis software, yielding a determination of the characteristic parameters: the location parameter was 2.99 and the scale parameter was 0.45, both in units of ln(nm). The median grain size was 18.5 nm. Monotonic tension tests performed at a strain rate of 10
(2.4 mm gage length) on nominally identical samples from the same deposition lot revealed a 0.2 % offset yield strength of 1.5 ± 0.3 GPa and an ultimate tensile strength of 1.8 ± 0.2 GPa. The specimen geometry for the fatigue experiment in this manuscript was identical to the tension specimens with a 500 lm gage width, 2.4 mm gage length and, in the current case, a 16.5 ± 0.7 lm thickness within the gage section. To prescribe crack initiation at a predetermined location, thus allowing a single region of interest for the in situ XRD experiments, a semi-circular notch with 10 lm radius was prepared on a single edge of the specimen (see Fig. 3 in [24] ) using a Ga ? focused ion beam (FIB, FEI Nova600). The majority of the notch was milled using a 30 kV/20 nA ion beam while final polishing was performed with a 30 kV/3 nA ion beam to minimize FIB-induced damage at the notch.
In situ X-ray diffraction fatigue testing Tension-tension fatigue was performed in situ at Stanford Synchrotron Radiation Lightsource (SSRL) Beamline 11-3 using a monochromatic 12.7 keV collimated X-ray beam in transmission geometry. A 50 9 50 lm beam was defined using horizontal and vertical slits and was centered directly below the single-edge notch, as shown schematically in Fig. 1a . A MAR345 Image Plate detector positioned 200 mm from the sample was used to capture the full (111) diffraction ring of the NC Ni-Fe. For this setup, the minimum exposure time was limited by a 60-s MAR detector read-out time; a 100-s collection time was used during the in situ XRD experiment to optimize the signal-noise ratio while minimizing the required scan time, as excessively long scan times would severely reduce the number of diffraction patterns obtained during the fatigue test. Prior to in situ fatigue testing, a preliminary check was performed using these beam conditions on a 'proof' sample from our previous diffraction experiments [25] , a specimen known to possess a region of *350 nm ALGs directly within the crack initiation site in *49 nm NC Ni-Fe; the results clearly showed a localized anomalous high intensity spot with [5r deviation from the local mean when the beam was centered on the ALG region, confirming that the selected beam conditions were sufficient to identify any growing ALGs in the current study.
A deficiency of the monochromatic powder diffraction setup is that there is no guarantee that an ALG will be properly oriented to satisfy the Bragg condition and produce a diffracted intensity spike on the Debye ring. This can be mitigated either by employing a polychromatic X-ray source for Laue diffraction, or as is the case in the current study, by systematically tilting the specimen with respect to the incoming X-ray beam (see the tilt angle, u, in Fig. 1a for reference). Based on results from our previous study [25] and additional preliminary experiments in the current study, we found that it was sufficient to tilt specimens from u = -10°to ?10°in 5°incre-ments to ensure that a growing ALG region would diffract to satisfy the Bragg condition. An area diffraction image was collected at each of the 5 tilt angles with a 100-s count time, and this tilt sequence was repeated approximately every 5 min continuously during the ongoing fatigue test.
The fatigue test was conducted in atmospheric air at 6 Hz in force-control using a piezo-actuated microfatigue tester, shown schematically in Fig. 1b . The nominal maximum and minimum cyclic stresses were 1000 and 290 MPa, respectively (load ratio: R = r min /r max = 0.29, mean stress: 645 MPa). In our recent work on notch sensitivity in NC Ni-Fe [24] , pronounced fatigue stress concentrations from notches were observed; for a 10-lm radius notch, a fatigue stress concentration factor (defined as the ratio of the un-notched endurance limit to that for the notched counterparts) was determined to be 1.5. Generally speaking, the characteristic cyclic stress under a notch can be approximated by
where K f is the fatigue stress concentration factor and r nom is the nominal fatigue stress. Thus, the maximum nominal stress of 1000 MPa used in this study represents a local fatigue stress at the notch of approximately 1.5 GPa, roughly equivalent to the yield strength of the material. Under these conditions, the total fatigue life (total cycles to failure) was 63,000 cycles with crack initiation occurring directly below the notch. After failure, the fracture surfaces were examined via scanning electron microscopy (SEM, FEI NOVA 600 dual beam). Samples for transmission electron microscopy (TEM) were extracted from local areas of interest by a FIB liftout technique (FEI Helios Nanolab), and thinned/polished using 30 kV/0.43 nA, 16 kV/0.15 nA, and 5 kV/41 pA Ga ? ion beams, respectively. Bright-and dark-field images were collected using an FEI Tecnai G2 F30 S-Twin operated at 300 kV and PED orientation mapping was performed with 0.3°precession angle, step size of 5 nm, and probe diameter \10 nm.
Results

AGG detection during fatigue
During the in situ experiment with the X-ray beam centered on the notch root, an anomalous high intensity spot associated with AGG was found to emerge during fatigue loading. An example of the in situ diffraction data is depicted in Fig. 2 , which shows (i) the raw diffraction data from the MAR345 Image Plate detector and (ii) the same data transformed to the crystallographically relevant Q and v space centered on the (111) diffraction ring (transformed to v -Q coordinates using The Area Diffraction Machine [27] , an open source code for analyzing area powder diffraction data) before fatigue (a) and after 61,000 cycles (b); note, final fracture occurred at approximately 63,000 cycles. In these figures, the color scale represents the intensity of a given pixel normalized by the maximum intensity in the particular data set (i.e., I/I max ). Both datasets show some enhanced intensity distributed over a broad v range centered at v & 90°, indicative of crystallographic texture. Careful observation of the two data sets also highlights a much sharper peak that is nearly 3 times the local intensity at v & 257°in the scan taken after approximately 61,000 cycles [marked by white arrow in (bi) and (bii)]. Anomalous high intensity spots were observed at specimen tilt angles of u = -10°and -5°at approximately the same v value. No other anomalous spots were found elsewhere along the (111) rings, nor at any other u-tilts. Although the normalized color scale intensities in Fig. 2 (aii) and (bii) might be interpreted as some global evolution of the crystallographic texture, the intensity values and intensity profiles associated with this texture were actually quite similar. To show this more clearly, Fig. 3 presents the intensities integrated along the entire (111) ring, i.e., from v = 0 to 360°, at regular intervals during the fatigue experiment (roughly 6000 cycles between each diffraction data set). Although some fluctuation is observed in the intensity magnitudes, likely due to mild fluctuations in the incoming X-ray beam flux no texture evolution was observed. These plots also clearly reveal the highly anomalous intensity spikes at v & 257°a ssociated with AGG in the data collected at 38,000 cycles and beyond. Figure 4 shows higher magnification views of the v -Q diffraction data in the vicinity of the anomalous high intensity spot at regular intervals in the fatigue cycling at specimen tilts of (a) u = -10°and (b) u = -5°. From the beginning of fatigue (0 cycles) to approximately 32,000 cycles, the diffraction data were nominally identical and only showed the expected signal from the NC grains. At 38,000 cycles, however, anomalous high intensity spots emerged in both the u = -10°and -5°data. Thus, the first detectable onset of AGG occurred approximately 25,000 cycles before final failure. To the best of our knowledge, this is the first time AGG has been detected during fatigue loading. In addition to this critical result, closer inspection of subtleties in the diffraction data also provides useful information pertaining to the microstructural evolution of AGG during cycling. For example, focusing on the u = -10°tilt data (Fig. 4a) , anomalous high intensity spots are first detected at 38,000 cycles and appear to grow in intensity with additional cycling until final fracture. It is also evident that the apparently ''single'' spot actually comprises multiple anomalous high intensity spots that are similar in v position (multiple anomalous points 
separated by \10°, and in most cases \5°), indicating that ALG(s) that developed during fatigue comprise sub-grain structures separated by low-angle boundaries. This is also likely the reason that anomalous spots appear at two different tilt angles separated by 5°(out of plane), and not at any other tilt angles. Additionally, the average position of the high intensity spots appears to shift in v, suggesting some global, although slight, rotation of the ALG(s) that occurs as the fatigue loading progresses.
The data shown in Fig. 4 can be further analyzed more quantitatively to assess the growth and evolution of ALG(s) as a function of the number of cycles. Figures 5a and b show the average intensity across the (111) ring [i.e., averaged over the entire (111) Qrange] at each v position from v = 250°to v = 265°( the same data shown in Fig. 4) for the u = -10°and -5°tilt data sets. In this case, intensity values at each v were normalized by the mean intensity across the v range, and any data points with [5r deviation from the local mean (i.e., statistically ''anomalous'' data points) are highlighted with an open blue circle. In both data sets, the anomalous points were found to broaden as a function of the number of cycles, and new anomalous high intensity spots emerged at distinct v positions. In Fig. 5c , the total intensity of anomalous data points (i.e., the areas under the bluecircled curves) for each case, as well as the sum of all anomalous points found in the XRD scans (i.e., the sum of the blue curves in Fig. 5c ), are plotted as a function of the number of cycles wherein a monotonic increase in total anomalous intensity is observed-this increasing total intensity implies an increasing volume (i.e., growth) of the AGG region during fatigue, as the growing ALGs occupy more Figure 4 In situ (111) XRD data at various numbers of cycles through the fatigue in the specific v range where anomalous high intensity spots were observed, recorded with the specimen tilted to a u = -10°and b u = -5°. The first appearance of any anomalous high intensity spots corresponding to AGG was found at 38,000 cycles; also apparent is that the ''single'' spot is actually comprised of multiple high intensity spots similar in v position. Anomalous high intensity spots were not found at any other u-tilts, nor at any other location along the (111) rings. and more of the interrogated volume of the X-ray beam. Additionally, Fig. 5d reveals a monotonic increase in the number of discrete v angles at which statistically anomalous data were found (in this case, binned in v = 1°steps). These data, taken together as a whole, suggest a cyclic-dependent 'collection' of sub-grains as the ALG(s) grow in size throughout the fatigue process. These results and their relevance to fatigue-induced AGG will be discussed further in the Discussion section.
Fracture surface morphology
Not surprisingly, fatigue-crack initiation was found to occur directly below the notch and comprised highly localized, distinct, faceted protrusions along the fractured edge. These features, shown in the secondary electron microscopy (SEM) image in Fig. 6 , have been consistently linked to fatigue-induced AGG in our prior studies on fatigue in Ni alloys [9, 12, 24] . Thus, they initially corroborate that the emergence of anomalous high intensity spots in the XRD data is correlated to fatigue-induced AGG. Cross-sectional microscopy, which will be discussed subsequently, also definitively confirmed ALGs under the faceted features shown here. Before addressing the fatigue-induced AGG in greater detail, the fracture surface can also be used to assess the number of cycles spent during crack initiation. As shown in the representative SEM images in Fig. 7 , Figure 5 Quantitative assessment of the in situ diffraction data shown in Fig. 4 , showing the data recorded at specimen tilts of a u = -10°and b u = -5°, integrated with respect to v, marking any statistically anomalous points with relative intensities [5r deviation from the local mean with blue circles. c Total integrated intensity of the anomalous data points at each u-tilt and cycle number (blue points), and the sum of two (black points), corresponding to an increase in AGG volume (i.e., growth) with cycling. d The number of distinct v angles at which anomalous points were found ([1°relative to each other), representing the development of distinct sub-grain structures.
fatigue fracture was found to comprise four distinct regions: (i) faceted protrusions stemming from the region of AGG, as shown in Fig. 6 ; (ii) a relatively smooth surface adjacent to and propagating away from the initiation site; (iii) Mode-I crack growth extending approximately 170 lm beyond the initiation site, comprising well-resolved fatigue striations and mostly inter-granular fracture; and finally, (iv) a tensile overload region consisting of shear lips, necking, and dimpled rupture. Similar fracture features beyond crack initiation sites have been reported for other NC metals under high-cycle fatigue [13, 15, 23, 28] , though the fatigue striations in the current study are particularly well defined. The total cycles spent in Mode-I crack growth were estimated to be *1200 cycles (2 % of the total life) based on counting the visible striation in region (iii).
Cross-sectional analysis of AGG
To further assess fatigue-induced AGG within the crack initiation site, a TEM foil was extracted from one half of the fractured sample (the half showing faceted protrusions in Fig. 6 ) and prepared for TEM analysis by a FIB liftout technique using a dual-beam FIB (FEI Helios Nanolab). Figure 8a depicts a schematic representation of the fractured sample indicating the orientation of the TEM liftout relative to the tensile direction and fracture surface-in this case, the plane of the TEM specimen was parallel to the axial tensile direction and normal to the sample surface (roughly taken from the center of the faceted region shown earlier in Fig. 6 ). Figure 8b shows a bright-field TEM image which reveals the AGG region directly under the notch root and extending approximately 3 lm along the fracture edge. PED orientation maps, shown in Fig. 9 with orientations relative to the (a) tensile, (b) transverse, and (c) through-thickness directions, revealed that the AGG region consists almost entirely of a singular, highly irregularly shaped ALG-upon inspection of misorientations across this ALG (quantitative results not shown here), it was clear that this ALG contained a high density of low-angle sub-grain (\2°misori-entation) boundaries and continuous orientation gradients as large as 6°across the grain, which corroborate the XRD data displaying a 5-10°span across v (shown in earlier in Figs. 4, 5) . Additionally, aside from this singular obviously large ALG, there are multiple ALGs (though not nearly as large) along the crack path that are *50-100 nm in size with apparently random orientations. Another ALG, *300 nm in size, with distinct sub-grains is also found directly at the notch root at the very tip of the fracture edge (e.g., the 'pink' grain shown in Fig. 9a) . The fact that these other ALGs were not detected in the XRD scans highlights some of the limitations of the current technique-for example, the limited tilt range employed (±10°in 5°increments in the specimen tilts) is not capable of capturing all orientations; thus, it is possible to 'miss' the growing ALG. Tilting with a larger u range or utilizing a polychromatic (whitebeam) X-ray, which would not require tilting at all, would be valuable to assess the true onset of AGG during fatigue. Additionally, PED scans only show a cross section of the AGG region; thus, the throughthickness grain size and shape, which will provide critical information regarding how the AGG occurred, are still unclear and require further careful microstructural analysis.
Discussion Fatigue-crack initiation versus propagation
The in situ XRD evidence presented here suggests that AGG began approximately 25,000 cycles before final failure. However, one can potentially argue that once the AGG developed, a crack immediately formed and the remainder of the fatigue life was simply spent in crack propagation, not in crack initiation. However, that scenario seems unlikely since anomalous intensity spikes associated with AGG evolved during subsequent fatigue cycles, presumably indicating that the local stress at the site of AGG had not been relieved by cracking. The striation features on the fracture surface provide additional evidence from which to estimate the propagation life, and hence the delay between the onset of AGG and crack initiation. Figure 10 shows representative higher magnification SEM images of this regime, wherein spacing between the striations clearly increases with increasing distance from the initiation site. This is common in Mode-I crack growth where Figure 8 a Schematic representation of the fatigue-fractured specimen showing the location and orientation of the TEM foil prepared using FIB liftout. b Bright-field TEM image of the microstructure directly below the crack initiation site (SEM view of the initiation site shown earlier in Fig. 6) showing the irregularly shaped ALGs at the notch root and along the fractured edge of the specimen. the crack extension per cycle, da/dN, increases with stress-range intensity factor, DK, following the wellknown Paris equation:
where a is the crack length, N is the number of cycles, and C and m are material constants [2] . Very far away from the initiation site, approaching tensile overload rupture, the striations are relatively well resolved in the SEM, but they are difficult to distinguish near the origin; nevertheless, the average spacing between well-resolved striations were measured at various distances from the initiation site to estimate the crack growth rate as a function of the stress-range intensity factor. In performing this exercise for the current sample, using a shape factor estimated from [20] , the Paris power law exponent, n, was calculated to be 3.4, which is consistent with other reports of crack growth in NC Ni and Ni alloys [9, 13, 20, 23] and speaks to the relatively fast crack growth rates in these metals. Striations were also counted at fixed distances away from the initiation site and, extrapolating down in distance to the notch root where the striations could not be easily resolved, we deduced that the number of cycles experienced in the crack growth regime was approximately 1,200 cycles. Therefore, assuming that the onset of AGG occurred after 38,000 cycles, the number of cycles that the AGG region experienced prior to initiating a Mode-I crack was roughly 23,800 cycles. In other words, approximately 38,000 cycles (60 % of total fatigue life) was spent fatiguing the NC structure without obvious AGG (at least non-detectable AGG), 23,800 (38 % of total fatigue life) was spent cyclically deforming and further evolving the AGG region, and 1200 cycles (2 % of total fatigue life) was spent growing the Mode-I fatigue crack until final fracture.
Evolution of AGG during fatigue
The in situ data shown earlier in Figs. 4 and 5, coupled with the post-mortem TEM and PED observations shown in Figs. 8 and 9 , provide a useful quantitative assessment concerning evolution of the fatigue-induced ALGs with subsequent cycling after the onset of AGG. For example, in both u = -10°and -5°data sets, the total relative intensity from anomalous data points (Fig. 5c) , which roughly scales proportionately with the volume fraction of ALGs, was found to monotonically increase with cyclingthis indicates that ALGs initially grew to a certain detectable size relatively quickly (within 6000 cycles, in between in situ diffraction 'frames' between 32,000 and 38,000 cycles) and continuously grew with additional cycling until final fracture. Concurrently, the number of distinct v angles at which anomalous data points were found suggests that the formation of new sets of sub-grain structures within the ALGs increased proportionately with the ALG growth. Although AGG has been observed in NC metals due to thermal exposure [29, 30] , multiple accounts of stress-induced AGG have also been reported, e.g., Figure 9 PED orientation mapping with orientations relative to the a tensile, b Mode-I crack growth, and c through-thickness directions directly below the fatigue-crack initiation site (same microstructure as shown in the TEM image in Fig. 8b ) revealing that the AGG region mostly consists of a singular irregular-shaped ALG with sub-grain (\2°misorientation) boundaries and a misorientation gradient as large as 6°(line-scans not shown here) within the individual sub-grains.
during indentation [31] , monotonic tension [32, 33] , wear [34] [35] [36] , and fatigue [12, 14, 19, 21, 37] that are not attributable to thermally induced processes [38] . Unfortunately, the exact mechanisms of stress-induced AGG remain unclear. A number of potential mechanisms have been suggested such as grain boundary migration [39] [40] [41] [42] and grain rotation/coalescence [41, [43] [44] [45] [46] which are likely more pronounced near free surfaces [47] , such as the AGG found in our fatigue specimens. In the current case, there was a proportionate correlation between ALG size and the number of low-angle sub-grain structures, and the sub-grain structures are likely a byproduct of both the grain growth process and continued cyclic deformation of the ALGs. For example, if AGG is governed by shear-induced grain boundary migration, as ALGs reach a critical size to support dislocation activity, continued cycling would likely result in an accumulation of 'damage' in the form of dislocation substructures (e.g., cell walls and/or slip bands [12] ). As ALGs become larger and larger, more and more of these substructures would develop. Additionally, if AGG was governed by NC grain rotation and coalescence, it would also be reasonable to anticipate a growing number of sub-grain structures (e.g., low-angle sub-grain boundaries) and misorientation gradients across the growing ALGs, as each newly reoriented NC grain would coalesce with the ALG once a sufficiently low misorientation was reached, leaving behind a low-angle boundary [41, 44, 48] . Additional contributions from time-(or cyclic-) dependent grain boundary-related creep mechanisms [49] and increased local microstrains at grain boundaries [50] , both of which are very pronounced in NC materials, may also be intimately involved in promoting stress-induced AGG.
To address the underlying mechanisms associated with fatigue-induced AGG in the current case, however, additional work is still required. For example, developing means to analyze the evolution of surrounding NC grains during fatigue loading, in particular specific orientations in the vicinity of AGG, would be invaluable to determine if NC grain rotation is prevalent. In this regard, a critical next-step for this work will be to perform similar in situ fatigue experiments using a polychromatic (white-beam) X-ray beam with micron-focusing capabilities, which will non-destructively provide full grain orientation data of both the AGG region and the surrounding matrix during fatigue.
Our results here clearly show the onset of AGG well before final fatigue fracture; however, another critical question still remains of exactly how the crack nucleates once AGG develops. In one study on the fatigue of NC Ni-P, Kobayashi et al. [14] proposed a mechanism of cyclically induced grain growth based on post-mortem orientation-imaging microscopy, where they observed AGG near the edge of a fatiguefractured specimen that had undergone high-cycle fatigue (N f & 1.8 M cycles). They suggested that crack nucleation was due to high-angle grain boundaries (transformed from existing low-angle boundaries) surrounding the AGG region. Our group's previous work [12] also showed AGG directly within crack initiation sites, and in those cases the fracture evidently occurred through the AGG region, not necessarily at high-angle boundaries (see, e.g., Figure 7 in [12] ) and it was suggested that crack nucleation was a result of the formation of dislocation slip bands, similar to PSB-related crack initiation processes. Understanding potential crack nucleation mechanisms and the relationship between AGG and fatigue-crack initiation will no doubt be greatly aided by recent advancements in in situ highcycle fatigue capabilities in the TEM, coupled with high-resolution PED orientation mapping, recently developed by Bufford et al. [51] . Although their recent paper focused on developing high-cycle fatigue capabilities in the TEM, they showed remarkable real-time evidence of AGG during high-cycle fatigue in a thin NC Cu specimen, thus directly confirming the clear correlation between fatigue-induced AGG and fatigue fracture in NC metals.
Rarity of AGG as a crack-initiating process
The PED results and fractography confirm previous examples [12, 25] that fatigue-induced ALGs occupy a very small volume fraction of the sample, and that ALGs are highly localized and extremely rare. The X-ray technique provided a clear signature arising from a feature that occupied \0.001 % of the interrogation volume-yet, fatigue-crack initiation, and ultimately the total fatigue life, was dominated by the growth and cyclic deformation of these isolated ALGs. This highlights that fatigue resistance in these metals is truly a 'weakest-link' phenomenon with the ALGs, in this case, providing the obvious weakest-link.
Conclusions
In this study, a new method for non-destructively identifying rare ALGs in a NC matrix was employed to detect the onset of AGG during high-cycle fatigue in NC Ni-Fe. Previous reports of ALGs in the vicinity of fatigue-crack initiation sites in NC metals have relied on post-mortem microscopy to infer that AGG occurs at some point during the fatigue process; however, the question of when AGG begins relative to the total fatigue life has remained elusive until now. Using this in situ XRD fatigue technique, we have definitively shown, for the first time, that fatigue-induced AGG actually precedes crack initiation during high-cycle fatigue-in fact, our results indicate that approximately half of the total fatigue life was spent prior to the detectable onset of AGG, and the remaining half was spent continuously growing and cyclically deforming the ALGs before final fracture. Only *2 % of the total life was spent during Mode-I crack growth after crack initiation, highlighting the low fracture toughness often found in these metals. The in situ XRD data also showed evidence that once AGG began, continued growth and subsequent cyclic deformation of the ALGs were accompanied by an increase in the density of sub-grain structures. Postmortem TEM and PED orientation mapping revealed that the AGG region largely consisted of a single irregularly shaped ALG with a high density of lowangle sub-grain (\2°misorientation) boundaries and continuous misorientation gradients as large as 6°a cross the ALGs, which corroborated the in situ XRD data displaying a 5-10°spread in the v angle at which anomalous intensity spots were observed. Based on this study, and on the previous examples of AGG in fatigued NC metals, it appears that AGG is ultimately detrimental to the fatigue life in NC metals; however, our evidence shows that even after the onset of AGG, the specimen can be cycled substantially further before initiating a Mode-I crack, and that the seemingly necessary prerequisite of forming an ALG effectively delays crack initiation in these metals, thus significantly improving their overall fatigue resistance. Work is currently underway to identify underlying mechanisms of fatigue-induced AGG in these metals, as well as to pinpoint the precise mode of crack nucleation once AGG develops. 
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